Introduction
Stretch Blow Molding (SBM) is a high speed production process to form plastic bottles and containers. The most prevalent material used in this process is poly(ethylene terephthalate) (PET). In the two stage process, injection molded amorphous PET (aPET)-preforms are first heated (heating stage) in an Infrared (IR) oven above their glass transition temperature (T g , around 85°C). In a subsequent step the preforms are biaxially stretched (blowing stage) with high strain rates into a cavity of the desired bottle shape. One of the advantages of PET compared to other materials is the strain hardening effect due to molecular orientation at high strain ratios. This hardening results in an increased biaxial strength and dimensional stability and is dependent on the physical parameters: strain rate, temperature and deformation mode. These parameters are affected by the process conditions. The heating time and the infrared lamps power create the desired axial and radial temperature profile of the preform and the fluid pressure and the stretch speed determine the strain rate and the strain mode, respectively. Hence, the resulting bottle performance, e.g. represented by its top load behavior, is highly dependent on these process conditions. Although the process itself is well known, the increasing demands for lightweight bottles and a better bottle performance pose a permanent challenge. Nowadays FE-simulations can replace extensive testing to find process parameters leading to a better bottle performance. The thermo-mechanical characterization of PET plays a key role for the simulation of a stretch blow molding process. A lot of research has been done so far to capture the complex material behavior during SBM or related processes like thermoforming and extrusion blow molding. In early approaches the material is regarded as purely hyperelastic [1] [2] [3] [4] [5] , since PET and other thermoplastics show a rubberlike behavior above T g . However, these approaches cannot cover the strong rate and temperature dependence of PET. Therefore, more recently developed models are based on the attempt of incorporating these effects by using visco-plastic [6] [7] [8] , visco-elastic [9] [10] [11] or viscohyperelastic [12, 13] approaches. For example, the approach from Buckley et al. [14, 15] is a physically based visco-hyperelastic material model. Adams et al. developed it further [16] to achieve a better prediction of the temperature dependent material behavior at high strains. Several workgroups successfully applied this model for predicting the wall thickness distribution of a stretch blow molded bottle. In comparison to the above mentioned models, a good compromise between numerical stability, accuracy in the wall thickness prediction and calculation time is obtained.
A prediction of the real stress-strain behavior depends not only on the choice of the constitutive equations. Furthermore the determination of the specific constants (material parameters) is important. In practice, these parameters are identified by fitting a constitutive equation to experimental data. Hereby, it is essential that the data are created in conditions close to the subsequent application of the material model. During SBM stress-strain data can be hardly obtained. The physical parameters temperature, strain rate and deformation mode are determined by the process conditions but cannot be set up to defined values. The preforms' temperature profile results from the infrared heating. During the blowing process the strain rate varies in time and depends on the heating and the load conditions. Moreover the preforms are enclosed by a cavity during the deformation which complicates the measurement. Therefore representative tests are used to determine the material parameters. Through a defined variation of temperature, strain rate and deformation mode between the tests, the thermomechanical material behavior is characterized. For SBM, a common approach is to perform biaxial stretching experiments [17] [18] [19] . Thin PET sheets are heated up to a certain temperature and afterwards deformed with a constant stretch speed in one or two directions. A machine that serves this purpose is the biaxial stretcher at Queens University in Belfast [18] . During stretching the strain is calculated by the displacement of the clamps. The nominal stress is determined from the reaction force and the initial measures of the plates. However, these experiments include process simplifications regarding geometry, heating and deformation parameters. The production of PET sheets could imply different internal stresses compared to the preforms due to different shear loadings during injection molding. Moreover the experiments do not cover the full field of application in terms of temperature and strain ratios in SBM, because it is difficult to stretch thin PET sheets at temperatures below T g up to high stretch ratios without material failure.
An indispensable step to obtain a reliable material characterization is therefore a validation of the so created material parameters through experiments corresponding to the production process. Menary et al. validated a material model through free blow trials [20] . They recorded the geometry of preforms during deformation in free air. These trials were afterwards FE-simulated with a model that was calibrated by biaxial stretching experiments. Simulation and experiments showed a comparable preform shape evolution at equal times.
To further evaluate the quality of the model and the material parameters, it is desirable to extract stress-strain curves from SBM or related experiments like free blow trials. In contrast to stretching PET sheets, contact measurements could affect the free deformation of the PET, which requires optical measurements. Related investigations have been done for different materials than PET. Charalambides et al. used the bubble inflation technique to determine the stress-strain behavior of dough [21, 22] . In this method a regular pattern is assigned on a flat membrane which is clamped and sealed at the perimeter. Air inflates the membrane from one side and the resulting deformation is recorded by a camera system, which enables the extraction of the strain in the pole of the membrane. The membrane's current thickness is here approximated by an analytical function. In combination with the pressure measured during the deformation and under the assumption of incompressibility this enables the calculation of the stress in the pole. Reuge et al. used the bubble inflation method to investigate the biaxial behavior of rubber [23] . The inflation process was captured with a frame rate of 24/s. Additionally, the current thickness during deformation was measured using a magnetic probe. It was found that, assuming an analytical function for the thickness, does not yield acceptable results. In the following procedure the optical strain measurement is adopted to the SBM process and extended. A three-dimensional camera system and a therewith synchronized pressure sensor allow the determination of the stress-strain information at any point on the preform surface. Additionally, an IRcamera allows recording the preform surface temperature at the same point. From this data, a thickness temperature profile is calculated and linked with the stress-strain information to create a reliable characterization of the PET's thermo-mechanical behavior in practice. To use this data as an evaluation an FE-simulation of the free blow trials is set-up. Hereby, the material model from Buckley et al. [14, 15] and Adams et al. [16] is used. To obtain the material parameters, the model is calibrated with data from stretching experiments of PET sheets. A comparison of resulting stress-strain-curves and the deformation at different time steps from free blow simulations and free blow trials evaluate the applicability of the material model to the SBM process as well as the free blow simulation model. are shown in Figure 1 . The true stress was thereby calculated under the assumption of incompressibility by the clamping force and the stretch ratio in thickness direction.
Experiments

Stretching of PET sheets
Free blow trials
A schematic of the infrared oven and the free blow test rig is shown in Figure 2 . The PET resin used for preform injection molding is the same as for the calibration experiments in 2.1. The aPET preforms are heated in an infrared oven equipped with six infrared lamps to create temperature profiles comparable to the real production process. For the free blow trials, IR-lamps 1-3 are switched off so that only the part of the preform heated by IR-lamps 4-6 deforms, which is mainly the preform dome. As a consequence, the deformation is more stable and the cameras can have a closer view on the area of interest due to a smaller overall deformation. The heated preform is transferred to the free blow test rig where it is clamped and exposed to a pneumatic pressure to blow it into free air. Two high speed cameras record the preform deformation during blowing with a frame rate of 2000/s. The corresponding pressure is obtained by a dynamic sensor. The short deformation times require real time control and data acquisition which is done by a Programmable Automation Controller (PAC) device. A FPGA chip is programmed using the software package LabVIEW to obtain high speed control. The PAC synchronizes the pressure sensor with the cameras to receive for each camera image the corresponding pressure value. The images recorded during blowing are evaluated with digital image correlation. The advantage here compared to previous works [21, 23] is the three dimensional measurement. Every point on the preform surface is observed by two cameras from different directions. The positions of the two cameras relatively to each other are known from a calibration, which makes it possible to calculate the absolute three dimensional coordinates of the preform surface in space at every point in time. This procedure works only, when the object surface shows enough structure to allow the algorithms to correlate identical points from both cameras. Hence, the preforms are prepared with a random speckle pattern which proved not to influence the deformation behavior. The grey values are tracked in small neighborhoods and through a correlation of the images, the three dimensional strains are calculated. The pattern correlation allows the determination of the principle in-plane-strains and the radius of curvature in the same directions. These data are calculated by the software Vic3d at almost every point on the preform surface detected by the cameras. A more detailed description of the mathematical calculation procedure can be found in [24] . Figure 3 shows the pressure progression during free blowing with a heating time of 24s. At three times (0s, 0.1s and 0.2s) the corresponding preform shape is displayed. The heating set-up creates a temperature profile constant in the circumferential direction but varying in the axial-and the thickness-direction (see Figure 2, left) . Furthermore, the temperature varies over time because of cooling effects. To evaluate the material model, a temperature value for the point of stress-strain calculation is required. This value has to take into account the thickness variation and the temperature decrease. In order to include these effects, measurements with an infrared camera are conducted. The camera records the surface temperature evolution over 20 seconds with a frame rate of 5/s for the complete body. The measurement starts directly after the preform exits the IR oven. From this data the temperature evolution in time at any point on the outer surface can be determined (see Figure 4 , left). The time course of temperature is fit to an analytical function, which serves as input data for an algorithm to calculate the temperature distribution in the thickness direction at this point (Figure 4, right) . A detailed principle of the procedure is shown in [25] . To achieve reliable results, the algorithm is proofed by an additional measurement at the inner surface of the preform. A correlation with the stress-strain data is done by calculating the mean temperature over thickness after the specific transfer time (about 2 seconds). The methods explained above finally lead to the determination of stress-strain data for different temperatures. This thermo-mechanical data can be created on the one side by measuring different points on the preform-surface. Alternatively, the influence of process parameters can be investigated by calculating the stress-strain-information in multiple trials at the same position on the surface after different heating configurations. This is shown in Figure 5 , where the heating time is varied (20-28s). The advantage compared to the stretching experiments of PET sheets is, that from one trial multiple stress-strain curves for different temperatures (different points on the surface) can be extracted. Furthermore, it is difficult to deform thin PET sheets up to high stretch ratios at low temperatures (<T g ). Hence, the material model may not realistically describe the PET behavior in this area. On the contrary, during blowing in free air, points on the preform surface with temperatures below T g can be measured up to high stretch ratios due to the decreasing temperature gradient from the preform dome towards the neck. 
FE-Simulation
material model validation
In this study the so called 'glass-rubber constitutive model' developed by Buckley et al. [14] is implemented into an FE-package. The material parameters are identified according to Adams [16] . An explicit FE-solver is used because it is more stable than an implicit solver for the large and fast deformations arising during SBM. The constitutive equations are implemented in the user material subroutine VUMAT of the FE-package ABAQUS/Explicit. The model is validated via the VUMAT in ABAUS/Explicit. A detailed description of the implementation procedure is given in [24] . Stressstrain data extracted from the stretching experiments and the VUMAT are compared in Figure 6 . 
Process model evaluation
The stress-strain curves from Figure 5 show the thermo-mechanical behavior of PET under process related conditions. These data cannot directly be compared to those from the calibration ( Figure 6 ) because, as in SBM, the strain rate is not constant during the free blow trials. The material parameter determination in [15, 16] operates with stress-strain data at defined strain rates. Therefore, the material model, calibrated with stretching of PET-sheets, is implemented in an FE-simulation of the free blow trials. In this way the material model and the free blow simulation can be evaluated. The heating configuration of the free blow trials leads to a deformation only of the lower preform part. A large part of the preform stays below the glass transition temperature. Consequently only the part where a deformation can occur (40mm from the preform pole towards the neck) is modeled with the calculated temperature profile. The "fluid cavity" approach in ABAQUS/Explicit is used to simulate the air flow into the preform. The measured pressure evolution during time (see Figure 3 ) is adjusted via a mass flow rate in the simulation. Figure 7 compares the preform deformation derived from experiment and FE-simulation at equal times. It can be seen that the preform shape is almost identical in both cases. In Figure 8 , resulting stress strain data at an exemplary point on the preform surface at 88°C is extracted from experiment and simulation. The curves match well in a large area of strain. However, the initial material stiffness is slightly underestimated by the simulation. This is probably due to the soft material behavior in the calibration trials for small strains, (see Figure 1) . Further deviation seems to occur in the area of very large strains, where no experimental data from the stretching experiments exists. However for SBM this is the area of interest where hardening effects appear resulting in the final product performance in terms of material behavior. As a consequence, the material behavior at high strains investigated with free blow trials needs to be implemented into the FE-simulation. 
Conclusions
In this paper a method is presented to evaluate a material model and an FE-simulation for stretch blow molding. As it is common practice, the model is calibrated with stress-strain data from stretching thin PET sheets at different temperatures. Since these experiments imply simplifications and do not cover the full field of application, the capabilities and limits of the model are investigated. Therefore stressstrain data at different temperatures are extracted from free blow trials, which are closer to SBM. This is done with an optical high speed measurement system, which enables the extraction of multiple stress-strain curves at different temperatures from a single free-blow-trial. The resulting curves are compared to FE-simulations of the free-blow trials. Hereby the material model, calibrated with data from stretching PET sheets, is implemented. Experiments and Simulations match well in terms of preform deformation and stress-strain data (see Figure 7 and Figure 8 ). This indicates that the material model is well coded and is able to cover the thermo-mechanical behavior of PET. Therefore, the stretching experiments can be used to calibrate the material model. Furthermore the FE-model of the free blow trials can be extended to realistically simulate the stretch blow molding process. However, the stress strain curves from experiment and simulation deviate at the beginning and for very large strains. The area of low strains should be carefully investigated in a further study to identify the cause of this difference. The deviation for very high strains (>200%) indicates that the material model is not able to predict the PET behavior in this area, because no experimental data for calibration was provided in this section.
Consequently, in a following work the stress strain information from free-blow trials should directly be used to calibrate the material model to cover the behavior of PET in SBM for higher strain ratios and low temperatures. For this purpose the changing strain rate during blowing has to be taken into account. To further optimize the simulation method, the temperature profile over the thickness has to be integrated in the FE-simulation. In this study only a mean thickness temperature is calculated from the profile. Furthermore, a stretch rod in the free blow trials would contribute to even better represent the real production process.
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